Nearly all animals start life as a single cell (the zygote) that, through cell division, cell differentiation, and morphogenesis, gives rise to a complex multicellular adult form ([@r1], [@r2]). These processes in animals require regulated interplay between active cellular processes and physical constraints ([@r3][@r4][@r5][@r6][@r7][@r8]--[@r9]). A particularly interesting system in which to study this interplay is the choanoflagellates, the closest relatives of animals ([@r10][@r11]--[@r12]). Choanoflagellates are aquatic microbial eukaryotes whose cells bear a diagnostic "collar complex" composed of an apical flagellum surrounded by an actin-filled collar of microvilli ([@r13], [@r14]) ([Fig. 1](#fig01){ref-type="fig"}). The life histories of many choanoflagellates involve transient differentiation into diverse cell types and morphologies ([@r15], [@r16]). For example, in the model choanoflagellate *Salpingoeca rosetta*, solitary cells develop into multicellular colonies through serial rounds of cell division ([@r17]), akin to the process by which animal embryos develop from a zygote ([Fig. 1*A*](#fig01){ref-type="fig"}). Therefore, choanoflagellate colony morphogenesis presents a simple, phylogenetically relevant system for investigating multicellular morphogenesis from both a biological and a physical perspective ([@r14]).

![*S. rosetta* develops from a single cell into multicellular colonies through serial rounds of cell division. (*A*) All choanoflagellate cells bear a diagnostic "collar complex" composed of an apical flagellum (f) surrounded by an actin-filled collar of microvilli (c) ([@r13], [@r14]). *S. rosetta* produces 2 different colonial forms: compact, mechanically robust, roughly spherical rosette colonies (Rosette) that form in the presence of bacterial Rosette Inducing Factors (RIFs; refs. [@r17], [@r23], and [@r24]); and fragile, linear chain colonies (Chain) that form during rapid cell growth in the absence of RIFs ([@r16]). Both types of colonies form by serial cell divisions. Reprinted from ref. [@r16]. Copyright (2011) with permission from Elsevier. Reprinted from ref. [@r19], which is licensed under [CC BY 4.0](https://creativecommons.org/licenses/by/4.0/legalcode). (*B*) A 3D reconstruction of a rosette (from ref. [@r37]). Cells (blue) in rosettes are packed around a central focus with apical collars (c; orange) and flagella (f; green) facing into the environment. Some cells are connected by cytoplasmic bridges (br; red) ([@r37]), which are also observed in chains ([@r16]). Filopodia (fi; purple) extend into the center of rosettes, which is devoid of cells ([@r18]). Reprinted from ref. [@r37], which is licensed under [CC BY 4.0](https://creativecommons.org/licenses/by/4.0/legalcode). (*C*) Thin section through the equator of a rosette, imaged by transmission electron microscopy, illustrates the subcellular architecture of a rosette ([@r37]). Labeled as in *B*. (Scale bars, 3 μm.)](pnas.1909447117fig01){#fig01}

*S. rosetta* forms planktonic, rosette-shaped colonies ("rosettes"), in which the cells are tightly packed into a rough sphere that resembles a morula-stage animal embryo ([@r17]). Because the cell-division furrow forms along the apical--basal axis, thereby dissecting the collar, all of the cells in rosettes are oriented with their flagella and collars facing out into the environment and their basal poles facing into the rosette interior ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"}). Interestingly, all 3 genes known to be required for rosette development are regulators of the extracellular matrix (ECM): a C-type lectin called *rosetteless* ([@r18]) and 2 predicted glycosyltransferases called *jumble* and *couscous* ([@r19]). Nonetheless, little is known about either the mechanistic role of the ECM or the extent to which rosette morphogenesis is shaped by physical constraints.

A critical barrier to understanding the biological and physical mechanisms underlying rosette morphogenesis has been the absence of a detailed characterization of the morphogenetic process. For example, it is not known whether rosettes form through the development of invariant cell lineages akin to those seen in *Caenorhabditis elegans* ([@r20]) or through variable cell divisions, as occurs, for example, in sponges and mice ([@r21], [@r22]). Moreover, it is not known whether there are identifiable developmental stages in rosette development. To quantify the principles of rosette morphogenesis, we used a combination of quantitative descriptions of rosette development, experimental perturbations, and biophysical simulations that together reveal the importance of the regulated secretion of basal ECM in physically constraining proliferating cells and thereby sculpting choanoflagellate multicellularity.

Results {#s1}
=======

Rosette Morphogenesis Displays a Stereotyped Transition from 2-Dimensional to 3-Dimensional Growth. {#s2}
---------------------------------------------------------------------------------------------------

To constrain our search for mechanistic principles, we first quantified the range of sizes and spectrum of morphologies of *S. rosetta* rosettes by measuring the population-wide distribution of rosette size in terms of cell number. Following previous work, we defined rosettes starting at the 4-cell stage, although cells can be found as singlets, doublets, and triplets as well. *S. rosetta* cultured solely in the presence of the rosette-inducing bacterium *Algoriphagus machipongonensis* ([@r23]) led to a population in which the distribution of cells per individual was stationary (i.e., unchanging over time), where an "individual" refers to any unicell or group of cells including rosettes. While some rosettes contained as many as 25 cells, the most common rosette size was 8 cells per rosette, with 51% of rosettes containing between 6 and 8 cells ([Fig. 2*A*](#fig02){ref-type="fig"}). While rosettes grow through cell division, their ultimate size is determined by either colony fission (as reported; ref. [@r16]) or cell extrusion ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). In each case, the rosettes contained 8 or more cells, suggesting that these rosette size-decreasing phenomena are more common in larger rosettes.

![Quantitative analysis of rosette morphology reveals that rosettes undergo a reproducible 2D to 3D growth transition. (*A*) Under conditions of constant rosette induction, *S. rosetta* existed as unicells, doublets, triplets, and rosettes containing between 4 and 25 cells, with the most common rosette size being 8 cells per individual. Following previous work ([@r24]), we defined 4 cells as the smallest number clearly identifiable as a rosette. Each unicell or group of cells was considered an "individual." The mean percentage of individuals in a population (*y* axis) was plotted by number of cells per individual (*x* axis). Error bars indicate SDs of measurements from 3 different days. *n* = 511 individuals. Gray background indicates rosettes of 4 to 7 cells (*D* and *E*). (*B*) Image-analysis pipeline for quantitatively comparing rosette morphologies is illustrated here for 2 representative rosettes. For each rosette, cell positions (dots) were extracted (*B*, *i*) and used to determine rosette size, including volume (measured by convex hull) (*B*, *ii*), shape, including flatness and sphericity (the former quantified by ${1 - c}/b$ and the latter by $\sqrt[3]{{bc}/a^{2}}$ where a, b, and c, denoted by blue, red, and green vectors, respectively, are the principal axes in descending order by magnitude of an ellipsoid fit of cell positions for a given rosette) (*B*, *iii*), and cell packing \[neighbor number determined by Voronoi tessellation ([@r78]) (*B*, *iv*)\]. Dashed lines in *B*, *iv* indicate nearest neighbors (gray with black outline) of the cell indicated by the dark gray point. (*C*) Representative rosettes from 4 to 12 cells per rosette are each shown in 3 roughly orthogonal views. The numbers above each image column indicate the number of cells per rosette. (*D*) Rosettes transition from an early phase of major shape change (gray background; scaling exponent 7.9 with 95% CI \[5.0, 9.8\]) to a later phase of approximately isotropic growth (scaling exponent 3.0 with 95% CI \[2.7, 3.3\]), shown by log--log plot of rosette volume (*y* axis) vs. maximum rosette width (*x* axis). (*E*) Rosettes transition from a relatively flat morphology during the 4- to 6-cell stage (gray background; mean flatness ≅ 0.5 to 0.7 and mean sphericity ≅ 0.4 to 0.6, with flatness = 1.0 perfectly flat and sphericity = 1.0 perfectly spherical) to a more spheroidal morphology during the 8- to 12-cell stage (mean flatness ≅ 0.2 to 0.3 and mean sphericity ≅ 0.7 to 0.8). (*F*) Packing increases with cell number at a decreasing rate. *D*--*F* depict mean values; error bars indicate SEM. Gray background indicates rosettes of 4 to 7 cells. *n* = 100 rosettes, with ≥8 rosettes from each cell-number class, pooled from 3 different samples. (Scale bars, 3 μm.)](pnas.1909447117fig02){#fig02}

We next quantified defining features of the 3-dimensional (3D) morphology of rosettes containing between 4 (the smallest cell number clearly identifiable as a rosette; ref. [@r24]) and 12 cells (representing 90% of rosettes at steady state; [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental) and [Fig. 2 *B* and *C*](#fig02){ref-type="fig"}). This analysis revealed that rosettes increased in volume and diameter as cell number increased ([Fig. 2*D*](#fig02){ref-type="fig"}). Although the average cell volume reduced between the 4- and 5-cell stages of rosette development, average cell volume did not change substantially with increasing cell number after the 5-cell stage ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)), suggesting that cells in rosettes grow between cell divisions. This contrasts with cleavage in the earliest stages of animal embryogenesis, in which cell volume steadily decreases as cell divisions proceed with no cell or overall tissue growth ([@r2]).

Our analyses revealed that rosette morphogenesis displays 2 distinct, but previously undescribed, phases: *1*) a 2D phase of growth from 4 to 7 cells, during which the overall shape of rosettes changed substantially with increasing cell number; and *2*) a 3D phase from 8 to 12 cells, during which rosettes expanded nearly isotropically ([Fig. 2 *C*--*E*](#fig02){ref-type="fig"}). Interestingly, the most common rosette size (8 cells) corresponded to the transition between the 2 phases of growth.

Transitions from 2D to 3D growth can be driven by the constrained growth of cell layers leading to increasing mechanical stresses ([@r25][@r26][@r27][@r28]--[@r29]). We hypothesized that the physical packing of cells in rosettes might constrain cell growth and proliferation and help explain the growth transition during rosette morphogenesis. Indeed, cell packing initially increased, as indicated by an increase in the number of nearest neighbor cells ([Fig. 2*F*](#fig02){ref-type="fig"}), and suggested by the reduced average sphericity of cells ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Following the growth transition at the 8-cell stage, cell packing continued to increase with increasing cells per rosette, although the rate of increase slowed as a function of the number of cells per rosette ([Fig. 2*F*](#fig02){ref-type="fig"}). Therefore, the transition to isotropic 3D growth in 8-cell rosettes may occur in response to the accumulation of stress caused by the increase in cell packing in growing rosettes.

Rosette Developmental Dynamics Are Variable. {#s3}
--------------------------------------------

The influence of cell packing on rosette morphogenesis did not preclude the possibility that the rosette-developmental program might also involve specific patterns of cell division that result in well-defined cell lineages. We therefore documented cell lineages in live, developing rosettes ([Fig. 3](#fig03){ref-type="fig"}). Consistent with the single published observation of live rosette development ([@r17]), the cells maintained polarity throughout development, with their division planes oriented along the apical--basal axis. Relative to the cell-division times in linear chains ([Fig. 1*A*](#fig01){ref-type="fig"}), which form when rosette-inducing bacteria are absent, we observed a slight, but statistically significant, increase in division rate in rosettes (*P* = 0.03 by Wilcoxon rank sum test; [*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). In addition, we found that both the order and timing of cell divisions differed among different rosettes ([Fig. 3 *B* and *C*](#fig03){ref-type="fig"}), ruling out the possibility that cell lineages are invariant. This process of apparently unpatterned cell divisions resembles the dynamics of early embryogenesis in diverse animals, including sponges and mice ([@r21], [@r22]).

![Variability of developmental dynamics in *S. rosetta*. (*A*) Lineage analysis for a representative rosette, imaged live by DIC microscopy. Individual daughter cells were marked to record their relationship to their parent lineage (e.g., 1.1 and 1.2 are daughters of cell 1). (Scale bar, 3 μm.) (*B*) Representative cell lineages illustrating differences in both the order and timing of cell divisions during rosette development. Branch lengths scale with time and are set to zero based on the 1st division. (*C*) The same lineages displayed as space--time plots to illustrate cell-division variability between rosettes in both space and time. The cells remained in place after divisions, with no large rearrangements, moving apart only slightly as they grew. Colors in *B* and *C* indicate the order of cell divisions (red, 1st; orange, 2nd; yellow, 3rd; brown, 4th; light blue, 5th; and darker blue, 6th). (*D*) Although the order and timing of divisions were variable, cell lineages that formed during rosette and chain development were balanced. In rosettes and chains, imbalanced lineages (i.e., with significantly different numbers of cells) were not observed at any stage ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Shown are results for 4- and 5-cell rosettes and chains. "X" indicates a division pattern that was never observed. Data were pooled from 3 independent rosette-induction experiments (for rosettes) and 3 independent experiments with uninduced cells (for chains).](pnas.1909447117fig03){#fig03}

Although division patterns were variable between rosettes, ruling out the possibility of invariant cell lineages, in no rosette did cells from the 1st, 2nd, or 3rd cell division give rise to more than 60% of cells ([Fig. 3*D*](#fig03){ref-type="fig"}). Moreover, cell division remained balanced throughout rosette morphogenesis, with no cell lineage coming to dominate. Importantly, the cell lineages of chains showed the same kind of variability as rosettes ([Fig. 3*D*](#fig03){ref-type="fig"}). These observations suggest that rosette morphogenesis does not require the strongest forms of cell-cycle control or coordination \[i.e., the synchronous divisions or deterministic division timing or order observed in the development of some animals such as *C. elegans*, *Xenopus*, *Drosophila*, and zebrafish ([@r30][@r31][@r32]--[@r33]) and in the green alga *Volvox* ([@r34][@r35]--[@r36])\].

ECM Constrains Proliferating Cells in Rosettes. {#s4}
-----------------------------------------------

To reconcile the stereotyped 3D growth transition ([Fig. 2](#fig02){ref-type="fig"}) with the variable developmental dynamics of rosette formation ([Fig. 3](#fig03){ref-type="fig"}), we set out to test the "ECM constraint hypothesis" ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}). This hypothesis was motivated by the idea that physical constraints imposed by the geometry and mechanics of cell packing play a key role in morphogenesis and that the source of the physical constraint in growing rosettes is the ECM, which is known to be required for rosette morphogenesis and connects all cells in a rosette, filling the rosette center ([@r16], [@r18], [@r19], [@r37]). Observations of increased cell packing ([Fig. 2*F*](#fig02){ref-type="fig"}) in conjunction with decreasing cellular sphericity ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)) were also consistent with the hypothesized increasingly constrained cellular packing as a function of cell number. The phenomenon of physically constrained morphogenesis suggests that the amount of ECM secreted during rosette development is an important factor in sculpting rosette morphogenesis ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}). We visualized and quantified the volume of the ECM by staining with fluorescein-conjugated Jacalin, a galactose-binding lectin ([@r19], [@r38]). Importantly, Jacalin does not stain chains, so its target is likely specific to rosette ECM ([@r19]). We found that the relative amount of space occupied by basal ECM (ECM volume/total cell volume, denoted by ϕ) in developing rosettes was constant and maintained at roughly 6% ([Fig. 4*C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Therefore, we infer that cells in rosettes produce ECM at a constant rate relative to the growth of cells, either through synthesis and secretion alone or through a balance of regulated synthesis, secretion, and degradation.

![ECM constrains proliferating cells during rosette morphogenesis. (*A* and *B*) Visual summary of the ECM constraint hypothesis. (*A*) As cells grow, compressive forces exerted on neighboring cells (gray arrows) may be balanced by stress in the basally secreted ECM (cyan), which resists deformation (white arrows). (*B*) If ECM is limiting, rosettes may undergo a jamming-like transition in which they accumulate residual stress, with cells exerting compressive stresses on one another as they continue to grow and divide, packing into increasingly limited available space. In such a configuration, cells can no longer reorient to adopt a relaxed configuration (as in *A*). (*C*) The ratio of total ECM volume to total cell volume as a function of cells per individual (defined as in [Fig. 2](#fig02){ref-type="fig"}) is maintained at a constant level throughout rosette development. ECM volume was measured by imaging of rosettes stained with the lectin Jacalin ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Points represent mean values; error bars are bootstrap 95% CIs. *n* = 93 rosettes, pooled from 2 experiments, with ≥5 rosettes from each size class. (*D*) Laser ablation revealed increasing stress as a function of cells per rosette. Single cells in rosettes were ablated, and relaxation velocities were measured by 2D PIV of a single confocal plane through the center of the rosette, giving a lower bound on the maximum relaxation velocity ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Following ablation of a single cell in a rosette, the remaining cells relaxed toward the site of ablation, consistent with the ECM constraint hypothesis. Relaxation velocities increased with increasing cells per rosette (solid line), indicating increasing residual stress as a function of cells per rosette ([@r7], [@r45], [@r49]), while chains showed no observable relaxation at all cell numbers (dashed line). These ablation results were inconsistent with cytoplasmic bridges or cell--cell adhesion as the dominant factors stabilizing rosette structure, both of which predict relaxation away from the site of ablation in rosettes. Points indicate mean values; error bars indicate SEM. *n* = 47 rosettes pooled from 3 different rosette inductions and *n* = 53 chains from 3 different cultures, with ≥4 colonies from each size class.](pnas.1909447117fig04){#fig04}

A key prediction of the ECM constraint hypothesis ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}) is that compressive stress on cells, balanced by stress in the ECM, should increase with cell number. This predicted increase in residual, compressive stresses on cells in conjunction with increased cell packing could, in part, explain our observations of decreasing cellular sphericity ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). This is reminiscent of an athermal jamming transition in nonliving systems, such as granular materials driven by external stresses that lead to packing ([@r39][@r40]--[@r41]). Biological systems, such as snowflake yeast and microbes proliferating in confined environments ([@r42], [@r43]), also show evidence of jamming, but this time the accumulated stress is due to cellular growth and proliferation, leading to the notion of self-driven jamming ([@r42]). Alternatively, cell--cell connections mediated by lateral cell--cell adhesion or cytoplasmic bridges formed during incomplete cytokinesis ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"} and refs. [@r16] and [@r37]) might be primarily responsible for the structural integrity of rosettes. If cell--cell connections dominate over ECM in holding together rosettes, we would expect cells to be under tension due to stretching of cytoplasmic bridges ([@r37]) or due to the forces arising from cell--cell adhesion ([@r44]), such that measured stresses would be in the opposite direction to those predicted by the ECM constraint hypothesis ([@r44], [@r45]).

To probe the balance of forces in developing rosettes, we performed laser-ablation experiments, which provided a readout of the relative magnitude and direction of stresses within rosettes ([@r45][@r46][@r47]--[@r48]). Upon ablation of a single cell in a rosette, we found that the remaining cells immediately became more rounded and moved closer together, toward the site of ablation, reducing the size of the gap left by the ablated cell ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). This result demonstrated that residual elastic stress, as measured by initial relaxation velocity after ablation ([@r45]), is maintained in rosettes, with cells under compressive stress balanced by an additional component of residual stress. Ablation experiments were also performed on chains, which lack the basal ECM of rosettes ([@r16], [@r18]). Consistent with the ECM constraint hypothesis, we observed no relaxation, regardless of cell number ([Fig. 4*D*](#fig04){ref-type="fig"}). While relaxation takes place in 3D, the magnitude of the relaxation velocities in conjunction with the size of rosettes ruled out 3D measurements. Therefore, relaxation velocities were measured by 2D particle image velocimetry (PIV) of a single plane through the center of rosettes ([*SI Appendix*, *SI Materials and Methods* and Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Although our measurements may fail to account for out-of-plane components of the relaxation, they provide a lower bound on residual stress, allowing us to compare the relative magnitude and direction of stresses in rosettes of different sizes.

If rosettes were primarily held together by strong cell--cell adhesion or constrained by cytoplasmic bridges ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"}), the expected relaxation would have been in the opposite direction, away from the site of ablation, causing a larger gap to open in rosettes, due to cells increasing in contact area with remaining neighbors or surface tension ([@r44]) in the former case and tensile stress in bridges in the latter ([@r44][@r45]--[@r46]). Moreover, as the number of cells in rosettes increased, the relative residual stress increased ([Fig. 4*D*](#fig04){ref-type="fig"}), consistent with the ECM constraint hypothesis ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}). These results ruled out strong cell--cell adhesion or constraint by cytoplasmic bridges as the dominant physical mechanisms underlying rosette integrity and morphogenesis.

Additionally, residual stress \[as measured by initial relaxation velocity ([@r7], [@r45], [@r49])\] displayed a sharp increase, by nearly a factor of 2, at the 8-cell stage ([Fig. 4*D*](#fig04){ref-type="fig"}), coinciding with the 3D growth transition ([Fig. 2 *C*--*E*](#fig02){ref-type="fig"}). In conjunction with the observed increase in cell packing ([Fig. 2*F*](#fig02){ref-type="fig"}), this result suggested that the packing of cells is mechanically constrained in developing rosettes such that cells are increasingly compressed against one another with increasing cell number. We reasoned that the shared ECM secreted from the basal end of cells, adhesion to which is likely essential for rosette formation ([@r18], [@r19]), might be the source of this constraint. While we have ruled out bridges as a dominant component of the structural integrity of rosettes, they could play a role in stabilizing cell orientation to hinder out-of-plane growth during the 2D phase of rosette morphogenesis.

Material Properties of ECM Affect Morphogenesis. {#s5}
------------------------------------------------

We next sought to test the ECM constraint hypothesis through perturbative experiments. While the hypothesis entails that changing geometrical properties such as cell shape and relative amount of ECM should have a substantial effect on rosette morphogenesis, these properties could not be experimentally tuned. However, we could perturb the mechanical properties of the ECM. To do so, we treated developing rosettes with strontium chloride (SrCl~2~). Strontium is a divalent cation that can stiffen hydrogels, including animal ECM, by increasing cross-linking density ([@r50][@r51][@r52][@r53]--[@r54]). Importantly, we found that SrCl~2~ has no detectable effect on cell growth at up to twice the highest concentration used during this set of experiments ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Under our ECM constraint hypothesis, we predicted that increased ECM stiffness would alter morphogenesis by further constraining cell packing, thus holding cells in a more compact arrangement along with a relative increase in residual stress. Consistent with our hypothesis, we found that rosettes became more compact with increasing SrCl~2~ concentration ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)), and the 3D transition shifted to lower cell numbers, occurring at the 5-cell stage for the highest SrCl~2~ concentration ([Fig. 5*C*](#fig05){ref-type="fig"}). Additionally, the transition to isotropic growth at the 8-cell stage was abolished ([Fig. 5*A*](#fig05){ref-type="fig"}). Together, these analyses revealed that morphogenesis is altered.

![Material properties of the ECM affect morphogenesis. Treatment of rosettes with SrCl~2~, which stiffens hydrogels by increasing cross-linking density ([@r50][@r51][@r52][@r53]--[@r54]), alters rosette morphogenesis. (*A*) Cells were packed more tightly in SrCl~2~-treated rosettes, leading to differences in rosette size and shape (also see [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). The scaling relationship between maximum rosette width and volume revealed that SrCl~2~ treatment abolished the transition to approximately isotropic growth at the 8-cell stage (scaling exponents for ≥8-cell rosettes of 1.1 with 95% CI \[0.8, 1.4\] and 1.6 with 95% CI \[1.2, 2.0\] for 1 and 5 mM SrCl~2~ treatments, respectively). Log--log plot of rosette volume vs. maximum rosette width represents average values for rosette cell-number classes from 4 to 12 cells per rosette. Error bars are SEM. Rosette volume and maximum width are significantly smaller under SrCl~2~ treatment (*P* \< 0.03 for either maximum width or volume or both for all rosette cell numbers under both SrCl~2~ concentrations with no difference in cell volume; see also *B*). (*B*) Rosettes became increasingly compact when treated with increasing concentrations of SrCl~2~, as highlighted by a plot of rosette volume vs. cells per rosette (reanalysis of data from *A*). While rosette size decreased with increasing SrCl~2~ treatment, cell size remained unaffected (105.9 ± 8.8 µm^3^, 108.3 ± 8.0 µm^3^, and 115.3 ± 5.9 µm^3^ for untreated, 1 mM SrCl~2~, and 5 mM SrCl~2,~ respectively, where reported values are mean ± SEM). Points represent means; error bars are SEM. (*C*) Quantification of rosette flatness (as in [Fig. 1](#fig01){ref-type="fig"}) showed that SrCl~2~ shifts the 3D growth transition to lower cell numbers. At the highest SrCl~2~ concentration, the transition occurred by the 5-cell stage (compared to untreated rosettes, flatness was found to be significantly lower at the 4-cell stage; *P* \< 0.03 by Wilcoxon rank sum tests). For *A*--*C*, results were from *n* = 100 rosettes pooled from 3 independent experiments, with ≥8 rosettes for each size class for both SrCl~2~ concentrations. Data for untreated rosettes were from [Fig. 2 *D* and *E*](#fig02){ref-type="fig"}. (*D*) Relative residual stress, as measured by relaxation velocity after laser ablation of single cells (as in [Fig. 4*D*](#fig04){ref-type="fig"}), increased significantly in rosettes of 4 to 7 cells under 5 mM SrCl~2~ treatment compared to untreated rosettes (*P* \< 0.0005 by Wilcoxon rank sum test). As in the experiments in [Fig. 4*D*](#fig04){ref-type="fig"}, relaxation in SrCl~2~ treated cells was always toward the site of ablation, indicating that cells were under compressive stress. These data demonstrate that increased residual stress is correlated with altered rosette morphology. Points represent means; error bars represent SEM from 41 total measurements pooled from 2 experiments, with ≥4 rosettes from each size class.](pnas.1909447117fig05){#fig05}

Using laser-ablation experiments, we found that relative residual stress, as determined by maximum initial relaxation velocity, was significantly increased for SrCl~2~-treated 4- to 7-cell rosettes relative to untreated rosettes ([Fig. 5*D*](#fig05){ref-type="fig"}). The increase in residual stress in conjunction with the 2D to 3D growth transition at lower cell numbers supported the hypothesis that ECM-constrained proliferation is a key driver of the 3D transition in rosette morphogenesis. Interestingly, for the 8-cell stage and higher, we did not find a significant increase in residual stress in SrCl~2~-treated rosettes compared to untreated rosettes ([Fig. 5*D*](#fig05){ref-type="fig"}). This is consistent with cells exerting maximum growth pressure on their neighbors at the 8-cell stage and above. Additionally, accumulation of residual stress could be limited by the strength of ECM or cell--ECM adhesion, or cells could actively sense and respond to stresses, such that cells are more likely to leave rosettes by fragmentation, extrusion, or fission in the presence of high stresses. Taken together, these results confirm important model predictions by demonstrating that material properties of the ECM can affect morphogenesis, which highlights the central role of the ECM in sculpting rosette morphology.

Amount of ECM, Cell Shape, and ECM Stiffness as Control Parameters for Morphogenesis. {#s6}
-------------------------------------------------------------------------------------

To formalize and test our hypothesis of morphogenesis shaped by ECM constraint ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}), we next developed a cell-based computational model to simulate rosette development. We used a coarse-grained approximation of the cell geometry and the main interactions to focus on the primary factors driving colony morphogenesis. In this simplified model of rosette morphogenesis ([*SI Appendix*, *SI Materials and Methods*, *Simulation Analysis*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)), there are just 3 dimensionless parameters that control rosette colony shape. These correspond to the geometry of the individual cells, quantified in terms of cell aspect ratio (length along apical/basal axis vs. equatorial diameter), α; the fraction of the (disordered) ECM relative to total cell volume, ϕ; and the stiffness of the ECM compared to that of the cells (in terms of the strength of ECM--ECM adhesion bonds relative to the force exerted by growing and dividing cells), σ.

Because development involves few cells (ruling out continuum models) in a low-Reynolds-number environment where inertial forces play a negligible role ([@r55], [@r56]), we developed particle-based simulations akin to Brownian dynamics, but neglected the role of thermal fluctuations, given the large size of the cells and aggregates ([@r51]). In the model, the ECM and cells were represented by a system of interacting spherical particles ([Fig. 6*A*](#fig06){ref-type="fig"}). This particle representation also allowed us to capture the discrete and variable nature of cell division and the stochastic nature of ECM secretion, as well the polarity of cell division and ECM secretion. Each cell in the model was composed of 3 linked spheres to capture cell shape and for computational tractability, with a small sphere representing the basal pole of the cell, a larger sphere representing the cell body, and the largest representing the collar-exclusion region. Cells interacted sterically with one another. The ECM was modeled as a system of small spheres with attractive interactions in order to capture the complex shapes the ECM can take on ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)), as well as its deformability. ECM particles similarly shared attractive interactions with the basal poles of cells. Cells in the model were allowed to divide stochastically, with the division plane orientation around the apico-basal axis determined by the previous division (consistent with observations of rosette development from [Fig. 3](#fig03){ref-type="fig"} and ref. [@r17]), and ECM particles were secreted stochastically at a constant rate from the basal pole of nondividing cells (see [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental) for a more detailed description of the model and simulations).

![A simple model shows that amount of ECM, cell aspect ratio, and ECM stiffness tune multicellular morphogenesis. The model incorporates simple cellular and physical interactions, including ECM secretion and cell division, cell--cell steric interactions, and ECM adhesion. Three main parameters describe the system: cell aspect ratio, α; scaled ECM stiffness, σ; and relative ECM volume, ϕ. (*A*) A DIC image of a choanoflagellate (from ref. [@r16]) next to a simulation snapshot to illustrate how cell geometry is modeled by 3 linked spheres (gray), and ECM is modeled by small spheres (green) secreted at the basal pole of cells. In the model, cells interact sterically with one another, and ECM spheres have adhesive interactions with one another and with basal cell particles. (Scale bar, 5 μm.) (*B*) The morphospace of ECM-based colonial morphologies generated by simulations can be broken into 4 regions: rosettes, disks, cups and cones, and trees. Lowercase letters indicate the region in the morphospace occupied by the corresponding simulated colony in *F*. (*C*--*E*) Orthogonal planes through the displayed morphospace, with the parameter of fixed value noted above each plot, illustrate how changing 2 parameters while keeping the 3rd fixed affects morphology. Colors indicate morphological classification as in *B*. (*C*) Scaled ECM stiffness is constant (σ = 0.6). (*D*) Cell aspect ratio is constant (α = 0.8). (*E*) Relative ECM volume is constant (ϕ = 0.04). (*F*) Representative simulated colonies for each of the regions are displayed in 2 orthogonal views (**r**~**1**~ = rosette with α = 0.7, σ = 0.8, and ϕ = 0.04; *d*~*1*~ = disk with α = 0.75, σ = 0.85, and ϕ = 0.075; *d*~*2*~ = disk with α = 0.8, σ = 0.15, and ϕ = 0.02; *c*~*1*~ = cone with α = 0.55, σ = 0.5, and ϕ = 0.08; *c*~*2*~ = cup with α = 0.6, σ = 0.2, and ϕ = 0.09; *c*~*3*~ = cup with α = 0.9, σ = 0.12, and ϕ = 0.13; and *t*~*1*~ = tree with α = 0.65, σ = 0.9, and ϕ = 0.12). (*G*) Simulated colonial morphologies are reminiscent of morphologies of colonial choanoflagellates found in nature. *r*~*2*~, *Codonosiga botrytis* ([@r79]). *r*~*3*~, *S. rosetta* ([@r80]). *d*~*3*~, *Proterospongia haeckelii* ([@r81]). *d*~*4*~, *Salpingoeca amphoridium* ([@r10]). *c*~*4*~, *Codosiga umbellata* ([@r59]). *c*~*5*~, *S. monosierra* ([@r82]). *t*~*2*~, *Codosiga cymosa* ([@r58]). *t*~*3*~, Uncharacterized environmental isolate from Curaçao. Reprinted from refs. [@r58], [@r59], and [@r78]. Reprinted from ref. [@r79], which is licensed under [CC BY 4.0](https://creativecommons.org/licenses/by/4.0/legalcode). Reprinted from ref. [@r10]. Copyright (2008) National Academy of Sciences, U.S.A. Republished from ref. [@r83] with permission of American Microscopical Society; permission conveyed through Copyright Clearance Center, Inc. (Scale bars, 10 μm.)](pnas.1909447117fig06){#fig06}

Simulations with parameter values constrained by cell and ECM morphology data collected as part of this study showed that this simple model was sufficient to recapitulate rosette morphogenesis, including the expected 3D transition at the 8-cell stage ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). Furthermore, simulations predicted that rosette morphogenesis should be robust to a range of scaled ECM stiffness values ([Fig. 6 *B*--*E*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)) and to the variability of cell divisions ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)).

Exploration of the effects of different parameter values revealed that the model captures a range of different colonial morphologies ([Fig. 6 *B* and *F*](#fig06){ref-type="fig"}). This space of forms and associated model parameters constitutes a theoretical morphospace ([@r57]) of ECM-based colonial choanoflagellate morphologies. Interestingly, some of the simulated forms resembled colonies, such as tree-like structures \[found in *Codosiga cymosa* ([@r58]) and an uncharacterized hypothesized *Salpingoeca sp.*; [Fig. 6 *G*](#fig06){ref-type="fig"}, *t*~*2*~ and *t*~*3*~\] or cups \[found in *Codosiga umbellata* ([@r59]) and *Salpingoeca monosierra*; [Fig. 6 *G*](#fig06){ref-type="fig"}, *c*~*4*~ and *c*~*5*~\], that have been reported in other choanoflagellate species ([Fig. 6 *F* and *G*](#fig06){ref-type="fig"}).

We found that colony morphogenesis was sensitive to all 3 of the dimensionless parameters, changes in each of which can lead to dramatic variations in predicted multicellular forms. For example, holding the other 2 parameters fixed, increase in ϕ alone would be predicted to drive a change from rosettes to disks or cups and from cones to trees ([Fig. 6 *C* and *D*](#fig06){ref-type="fig"}). This is consistent with our hypothesis that the constraint imposed by relative ECM volume is a key factor in the transition from 2D to 3D morphologies. Colony morphogenesis was also affected by changes in σ; we found that reduced ECM stiffness is predicted to give rise to disks instead of rosettes ([Fig. 6 *D* and *E*](#fig06){ref-type="fig"}), which also supports our understanding that the driving factor for rosette formation is the interaction between ECM and cells. Finally, although the effect of changes in α was subtler, we saw a clear transition from disks to cups/cones for low values of σ, and for a small range of ϕ, there was also a transition from disks to rosettes, validating our hypothesis that the differences in cell aspect ratio observed across choanoflagellate species can constrain the morphology space accessible to the colony.

Together these results demonstrate that basal secretion of a shared ECM constitutes a robust, yet flexible, mechanism for regulating multicellular morphogenesis. Furthermore, these results made specific predictions about different colony morphologies corresponding to specific cell morphologies and relative ECM volumes and stiffnesses. We did find that simulations failed to recapitulate all aspects of rosette morphogenesis, most saliently, the growth scaling ([Fig. 2*D*](#fig02){ref-type="fig"}) and the absolute magnitudes of flatness and sphericity ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)), likely as our model is a coarse-grained one, although simulations were consistent with SrCl~2~ treatment experiments in that increased scaled ECM stiffness was predicted to make rosettes of lower cell number more 3D ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental)). We expect that a more detailed treatment of the mechanics of cells and ECM may capture these aspects of rosette morphogenesis more accurately, but such a detailed model is beyond the scope of the present study.

Discussion {#s7}
==========

Our quantitative analyses, experimental perturbations, and simulations allowed us to understand the process by which single cells of *S. rosetta* give rise to multicellular rosettes. We found that the earliest stages of rosette morphogenesis proceed through 2D anisotropic growth, which is stereotypically followed by a transition to 3D isotropic growth. In particular, we found that the basal ECM secreted by cells during rosette development physically constrains proliferating cells and thereby drives a stereotyped morphogenetic progression in the absence of strict cell-lineage specification and division timing. Simulations showed that this simple mechanism, the regulated basal secretion of ECM, is sufficient to not only recapitulate rosette morphogenesis, but to yield a morphospace that can not only explain the multicellular morphology of *S. rosetta*, but also that of other species of colonial choanoflagellates. These results emphasize the importance of the choanoflagellate ECM for morphogenesis and should encourage future studies of its composition, physical properties, and regulation.

The importance of the basal ECM revealed in this study may generalize to other choanoflagellate species and colonial morphologies in terms of the 3 dimensionless parameters that characterize the morphospace---the shape of the cells, the amount of the ECM (relative to the cells), and the stiffness of the ECM (relative to that of the cells). Indeed, our simulations predict that differences in ECM levels (resulting from differing rates of biosynthesis, secretion, or degradation), cell shape, and ECM stiffness relative to cells are sufficient to explain the existence of radically different colony morphologies across diverse choanoflagellates. Measurements and comparisons of ECM levels (ϕ), cell shape (α), and ECM stiffness (σ) in diverse colonial choanoflagellates will be crucial to validate the model, and deviations from the predictions of the model could point to additional regulatory mechanisms.

From a broader perspective, rosette morphogenesis shows interesting parallels to mechanisms underlying morphogenesis in diverse other taxa. In terms of physical mechanisms, the constrained proliferation of cells that occurs during rosette development generates crowding stresses like those that regulate morphogenesis by animal epithelia ([@r60], [@r61]), snowflake yeast ([@r43]), and bacterial biofilms ([@r26]). In epithelia, compaction of cells due to crowding has been proposed as a general signal for cellular processes underlying tissue homeostasis, such as apoptosis and extrusion ([@r62][@r63][@r64]--[@r65]). Further, crowding of proliferating cells can produce a jamming-like behavior, characterized by the accumulation of residual stress ([@r42], [@r43]), that has been proposed as a generic constraint on the development of multicellular systems with fixed cell geometry ([@r43]). Due to the generality of physical constraints on cell packing, it is plausible that such phenomena acted both as constraints and regulatory mechanisms in the development and morphogenesis of early animals and their ancestors.

Cellular mechanisms of rosette morphogenesis are also shared with other multicellular systems. Our results demonstrate that the regulation of basal ECM sculpts the multicellular morphology of rosettes. Thus, our biophysical studies have converged on results from genetic screens in *S. rosetta* that implicated animal ECM gene homologs in the regulation of rosette development, including a C-type lectin ([@r18]) and predicted glycosyltransferases ([@r19]). The basal ECM of rosettes is reminiscent of the basal lamina, a basally secreted layer of ECM that underpins animal epithelia and regulates tissue morphogenesis by constraining cell proliferation ([@r29]), including in *Drosophila* wing and egg-chamber development ([@r60], [@r66], [@r67]), branching growth during lung and salivary-gland development ([@r68], [@r69]), notochord expansion ([@r70]), lumen elongation ([@r71]), and tumor growth in mammary epithelia ([@r51]). The ECM also sculpts morphogenesis in *Volvox*, in which defects in ECM composition disrupt morphogenesis ([@r72], [@r73]), and in bacterial biofilms, in which the ECM can constrain cells and thereby drive 3D morphogenesis ([@r26], [@r74]). Remarkably, some bacteria form multicellular rosettes in a process that is mediated by basal ECM secretion ([@r75], [@r76]).

Altogether, the principles that we can glean from the simplicity of choanoflagellate morphogenesis hold the promise of revealing general principles by which biological and physical mechanisms shape morphogenesis more broadly.

Materials and Methods {#s8}
=====================

See [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909447117/-/DCSupplemental) for a detailed account of materials and methods. Briefly, *S. rosetta* was grown under standard culture conditions, either as chains or rosettes ([@r18], [@r23]). Rosette development from single cells was induced by the addition of outer membrane vesicles from *A. machipongonensis* ([@r23]). Electron microscopy was performed as described ([@r16]). The number of cells in rosettes was determined by manual counting. The morphology of rosettes and ECM were quantified from 3D reconstructions of confocal z stacks by using an imaging pipeline developed for this study. Lineage analyses were performed by manually tracking time-lapse phase contrast and differential interference contrast (DIC) images from time-lapse microscopy of developing rosettes and chains. Relaxation velocities were measured by 2D PIV of single confocal planes following laser ablation. Cells and ECM in simulations were modeled as spherical particles with tunable adhesive and repulsive interactions and followed Brownian dynamics ([@r77]).

Data Availability. {#s9}
------------------

Code for simulations is available at <https://github.com/truizherrero/choanoflagellate_colonies>. All other data are available upon request.
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